This report introduces the Transfer Waveguide (TRANSGUIDE); an ultra-thin flat technology that promises light emitting applications a practical solution to total internal reflection light trapping and diverging emission.
Introduction
Light extraction and directional emission, especially from high-refractive index materials, is a bottleneck for many light emission applications such as Light Emitting Diodes (LEDs), lasers,
and Single Photon Sources (SPSs). A significant amount of light is lost inside the structure of the light emitting device, whether due to Total Internal Reflection (TIR) light trapping or due to the presence of metallic elements. The scheme theoretically outlined in this text promises light extraction efficiencies approaching 100% in conjunction with highly directional beam profiles, and is applicable to different wavelength and material systems. Waveguides have long been known for guiding light along their axes. Here, they are used differently, and it shall be shown that they hold as much promises from their sides. Three simple plain waveguides: the Source; the Gate; and the Drain are packed one upon another, on the Forward-bias layer, to form the Transfer Waveguide (TRANSGUIDE) stack shown in The light is emitted within the Source waveguide, from emitters with their dipole orientation parallel to the Gate waveguide's axis. The Forward-bias is a reflecting layer that directs the emitted photons towards the Drain waveguide. The overall structure is designed to support a photon flow from the Source to the Drain, i.e. along the tunnel.
The following discussions are highlights on how a three-stage stack, with waveguide building blocks constructed from very simple materials; can bring light sources, whether classical or quantum, to another level. For the first couple of examples, Silicon Vacancy (SiV) color centers in diamond are considered as the light emitting platform [1] . This type of quantum emitter has recently emerged as a promising SPS candidate at 738 nm; however, TIR due to diamond's high-refractive index remains an issue to be addressed. As simple as it gets; by putting plain oxide layers together, for example, a practical solution to this longstanding problem will be tailored in the upcoming examples. The proposed layered structure is free of any advanced nanostructures or engineered metamaterials, and offers a broad technological tolerance margin. The refractive indices of TiO 2 , ZnO, Al 2 O 3 , SiO 2 , diamond, and silver at the aforementioned wavelength read: 2.54 [2] , 1.97 [3] , 1.76 [4] , 1.45 [5] , 2.4 [6] , and 0.033+5.1i [7] , respectively. Choice of materials is solely for outlining the working concept and is not restricted.
Leakage tunneling  Imaginary-Source
As understood from Fig. 1 ; any of the three waveguides is comprised of a core and a cladding, with the cladding consisting of a lower part and an upper part. With reference to the configuration shown in Fig. 2a , the Source's core and cladding are defined from the same material; meaning that, there is no refractive index contrast between them. The Source is considered imaginary since its core and cladding are merged together, this implies that imaginary physical interfaces define the boundaries between them. Presumably, the emitters are located in close proximity to the center of the Source, marked with the origin of the coordinate system. The Gate functions in a similar manner to an Insulator Metal Insulator (IMI) waveguide. In this arrangement, the Gate is merged; meaning that the Gate's lower cladding is merged with the Source's upper cladding, i.e. same material. On the other side of the Gate, a typical dielectric waveguide serves as the Drain. A real physical interface draws the boundary between the Gate and the Drain, via the refractive index contrast between their contiguous claddings. Dimensions of the individual waveguides can be read in the caption of Fig. 2c ). In this context, non-radiative modes can be thought of as loss channels. The behaviors of these non-radiative modes are understood from the successive field profiles shown in Fig. 2d -g. In Fig. 2d , due to the finite thickness of the diamond layer, the two Surface Plasmon Polariton (SPP) modes at each of its interfaces merge together within the diamond layer, giving rise to a hybrid guided mode in the Source. SPP is considered an interesting phenomenon; however, for light emitting devices it can be bothersome. The second mode, in Fig. 2e , is guided in the Gate. This mode is partially converted into a TIR contribution along the TiO 2 -SiO 2 transition. A similar TIR contribution could also be seen earlier in Fig. 2d . The two remaining modes in Fig. 2f ,g are guided in the Drain: the first is concentrated in the core, while the second is in the cladding. The cladding mode is capped with a TIR contribution along the SiO 2 -air transition.
The tunneling from the Source to the Drain's cladding, under the gating effect, can be clearly remarked in Fig. 2g .
 Real-Source
A noticeable difference between this example and the previous one is the physical structure of the Source. Here in Fig. 3a , there is a refractive index contrast between the Source's core and cladding; implying that, real physical interfaces define the boundaries between them. As in the previous example, the emitters are initially positioned at the center of the Source. The Gate is again merged; however, this time the Gate's lower cladding is SiO 2 instead of diamond.
Let's take a look at the tolerance plot shown in Fig. 3b , where the robustness of the modified Source structure is investigated. Apparently, the figures of merit LEE and RHA show higher emitter position insensitivity close to 90% and 19 o , respectively. The radiated power is funneled into a symmetric single-lobe, with Purcell factor values between 1 and 2 (not shown). 
Pinching
Now that we have identified the dominant loss channels, herein we take a look at the main radiant modes. At first, consider the imaginary-Source merged-Gate configuration's radiant mode plotted in Fig. 4a . The Source's field tunnels its way through the Gate, and ends up stored in the Drain's cladding. Notice that the mode is pinched twice: once in the core of the Gate, and a second in the core of the Drain. The Drain has been configured not to hold on to the mode for long, and eventually the light bursts into free-space.
A similar scenario takes place in Fig. 4b , for the real-Source merged-Gate configuration;
however, this time the Source's field is heavily depleted, with an additional pinch in the Source's core. The higher LEE delivered by this configuration, as compared to the former, translates from the enhanced mode tunneling and pinching.
The corresponding electric field cross-sectional mappings shown in Fig. 4c ,d illustrate the light transfer along the tunnel, and the eventual burst into free-space. For the latter configuration, the Drain appears fuller while the Source is almost completely drained.
Obviously, the burst is seeded from the Drain, and is pinched in the three waveguide cores.
The light emission from the Drain, visualized in the far-field, is shown directly beneath in Fig Fig. 2a and Fig. 3a , respectively. c), d) Normalized electric field magnitude cross sections for a) and b), respectively. e) (left) Normalized far-field radiation pattern for a); (right) for a configuration similar to a) but featuring a different pinching factor. f) (left) Normalized far-field radiation pattern for b); (right) for a configuration similar to b) but featuring a different pinching factor. All scales are normalized.
The Gate trench
In the two previous examples, the Gate was merged with the Source. Here in Fig. 5 , we will consider something different: physically detaching the Source from the Gate. This is realized by using a different material for the Gate's lower cladding; where in Fig. 5a the diamond lower cladding is replaced with ZnO for the imaginary-Source configuration, and in Fig. 5b the SiO 2 lower cladding is replaced with Al 2 O 3 for the real-Source configuration. The overall refractive index profiles of the structures are depicted in Fig. 5c,d respectively. For both configurations, the Gate's upper cladding remains TiO 2 . The impact of the Gate trenching is addressed in Fig. 5e,f; with the merged-Gate plots recalled from Fig. 2b and Fig. 3b , respectively. The free-space LEE approaches 81% for the imaginary-Source trenched-Gate configuration; and 91% for the real-Source trenched-Gate configuration, with an almost flat plateau response.
In this context, two arguments might arise. First; the enhancement in the LEE delivered by switching from an imaginary-Source ( Fig. 2a ) to a real-Source (Fig. 3a The other argument that might come into mind; Gate trenching the imaginary-Source configuration of Fig. 2a with ZnO in Fig. 5a , can be visualized as replacing the silver-diamond interface in the former with a silver-ZnO interface in the latter. Since the refractive index of ZnO is lower than that for diamond, it makes sense that the LEE is higher for the ZnO trenched case; owing to the less coupling to SPPs [8] . However; this perception is misleading, because, trenching the Gate with an even lower refractive index material, such as SiO 2 , deteriorates the LEE rather than enhancing it. 
State of the art
The trend in the past years has been to incorporate nanostructures or engineered materials in light emitting devices, taking advantage of the latest advances in nanofabrication. It turns out that; this just makes the whole process more complex and adds up additional bills. Even the reported free-space LEEs haven't really benefited from that sophisticated technology; in fact image blurring and diffraction in illumination applications [9] and bandwidth modulation are a symptom. All this comes at the expense of the radiation pattern, requiring additional external-integrated optics to account for the large radiation angles and the distorted beam profile. The spatial positioning of the dipole light emitters with respect to the incorporated nanostructures becomes very critical; thereby, further tightening the technological tolerance margin.
In a different direction, there is that claimed planar antenna scheme, reported first in [10] .
Let's take that approach on a one-to-one comparison with the TRANSGUIDE. The planar antenna, when applied to a 100 nm diamond active medium, struggles with a 40% free-space LEE [8] . One step further, the advanced version of the said antenna, applied to a 50 nm diamond active medium, the free-space LEE saturates close to 80% [8] . When it comes to the TRANSGUIDE; we have already witnessed free-space LEEs near 81% on that 100 nm diamond active medium, and 91% on that 50 nm diamond active medium.
Technically speaking, the scheme in [8] principally relies on the suppression of SPPs with the inclusion of very low-refractive index layers, ideally n ≈ 1. Such stringent requirement makes the scheme inapplicable to free-space emission applications. Meanwhile, the TRANSGUIDE has no problems with SPPs, and is comfortable with high-refractive index materials.
Medium vs free-space emission
At this stage, the free-space LEE exceeds 90% with the promoted leakiness of the Source.
The power contributions of the four non-radiative modes (Fig. 2c-g and Fig. 3c-g) are negligible compared to the radiant continuum. That having been said, if these modes were to be plotted on a linear scale, they would be hardly seen. However; out of the four, the Drain mode Re(n eff ) = 1.2 amounts for the largest share, with a significant amount of the modal power seized in the Drain's cladding. With reference to Fig. 2g and Fig. 3g one can see that,
in the latter case, more light builds up in the Drain's cladding. For both cases, the mode is capped with a TIR contribution.
Interfacing the Drain's outermost cladding with a material, having a relatively higher refractive index; sets the aforementioned Drain mode free. This is demonstrated in Fig. 6a,b, with the blue plots representing the real-Source trenched-Gate configuration of Fig. 5b packaged in epoxy or silicone gel (n=1.5−1.55); while the red dashed plots are for freespace background. The shaded area in Fig. 6a marks the non-radiative modes for the packaging plot. As a result, the Drain's cladding mode is completely converted into a radiant mode, and the Drain's remaining guided core mode is further weakened; giving rise to a 92% LEE, at least for this configuration. The origin of this 1-5% incrementation is depicted in Fig.   6b . The Source in turn is evacuated and more light is transferred along the tunnel, with an exponential field rise in the Drain's outermost cladding. At the packaging's interface, TIR no longer exists, and the mode bursts out of the Drain. The LEE, in packaging and in free-space, as a function of the emitter position displacement (∆ ) is plotted in Fig. 6c,d ; for the imaginary-Source and for the real-Source both trenched-Gate configurations, respectively. To mention, the LEE for the inferior imaginary-Source trenched-Gate configuration approaches 86% in packaging.
We are now left with three non-radiative modes, one of which has already been strongly weakened. With the careful tailoring of the materials and design, we can further weaken or even get rid of the leftover non-radiative modes. Before we move on to the next section, let me come back to the earlier SPP argument and wrap it up with the two real-Source trenched-Gate packaged examples shown in Fig. 7 . The cyan plot is a ZnO trench, while the yellow plot is the Al 2 O 3 trench recalled from Fig. 6d .
Even though ZnO has a higher refractive index than Al 2 O 3 , the ZnO trench LEE picks up a ~3% and hits a plateau near 95%. 
Near-infrared light emitters
This section takes us a bit deeper into the near-infrared region, and explores the TRANSGUIDE's potentials with even higher refractive index materials.
Cubic silicon carbide (3C-SiC) has emerged as a promising single photon emitter platform along the telecom range [11] . In Fig. 8a , the TRANSGUIDE is extended to a 3C-SiC active medium, where it is demonstrated that ultra-bright directional light emission is realizable in spite of the material's high-refractive index, n ≈ 2.55 [12] . A 50 nm 3C-SiC core is sandwiched in a SiO 2 cladding. The light emitting dipoles can be anywhere within the active medium, no restrictions on their locations; the only requirement is parallelism to the Gate. In the bandwidth plot shown in Fig. 8c , the free-space LEE hits a plateau around 92%, with the Purcell factor maintaining values between 1 and 2. Before we go through the next example on semiconductor Quantum Dots (QDs), let's first recall the relevant state of the art in this regard; namely the GaAs planar antenna system from [8] . It should be noted that the reported ~86% LEE, utilizing SiO 2 intermediate layers,
considers emission through a semi-infinite glass collection medium, with the refractive index of GaAs reading n = 3.539. When switching to free-space emission, it starts to get tricky, and the antenna's free-space LEE drops to 80%. With that in mind; on the other hand, when applying the TRANSGUIDE to the aforementioned system, considering the configuration shown in Fig. 8b , different behaviors come into play. The emitter position dependency plot shown in Fig. 8d demonstrates how, the free-space LEE can hit 91% towards the center of the Source, accompanied with Purcell factor values on the order of 1. Consider the dibenzoterrylene (DBT) molecules system reported in [10] . The corresponding authors conclude that their planar antenna approach is strongly limited by SPP losses; that having been said, it should not come as a surprise that their antenna's free-space LEE is no more than 60%. By reconfiguring their antenna system into a TRANSGUIDE, SPP losses will no longer be a concern. a) b) The TRANSGUIDE configuration shown in Fig. 9a , takes into account the same system parameters as in [10] : namely, an n = 1.5 anthracene (Ac) layer containing DBT molecules emitting at 785 nm. With the molecules' dipole orientation parallel to the Gate, the LEE exceeds 93% for free-space emission, and 97% for emission through glass. The radiated power is funneled into a single-lobe, shown in Fig. 9b , with the RHA on the order of 19 o and 14 o , respectively.
Low-refractive index light emitting systems
Overall, we are already very close to a 100% LEE, and we should be able to come even closer.
Conclusion
Whether the light emitting platform is a low or high-refractive index material, irrespective of the operational wavelength, light extraction efficiencies approaching 100% in conjunction with highly directional emission profiles are realizable in a completely flat ultra-thin structure made of simple materials. It is all about transferring light, sideways, between different waveguide potentials, and pinching.
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